Abstract. Epilepsy is a hetergenous syndrome characterized by recurrently and repeatedly occurring seizures. Although able to inhibit the epileptic seizures, the currently available antiepileptic drugs (AEDs) have no effects on epileptogenesis. Such AEDs should be classified as drugs against ictogenesis, which are transient events in ion and / or receptor-gated channels related with triggering to evoke seizures. Epileptogenesis involves long-term and histological / biochemical/ physiological alterations formed in brain structures over a long period, ranging from months to years. This review focuses on the effects of AEDs on epileptogenesis and novel candidates of antiepileptogenic drugs using a genetically defined epilepsy model animal, the spontaneous epileptic rat (SER).
Introduction
Epilepsy is a heterogeneous syndrome characterized by recurrent and spontaneous seizures. Approximately 1% of the population in the world suffers from epilepsy. However, 20% -30% of the patients are refractory to therapies using currently available antiepileptic drugs (AEDs) (1) . In addition, continuous medication is necessary even after the seizures have long been suppressed with AED treatments. The most disturbing issue is inability of AEDs to provide a peristent cure because these compounds merely suppress the occurrence of epileptic seizures; that is, AEDs are "antiseizure" but not antiepileptogenic drugs, although they do have certain clinical significance. Therefore, discontinuation of AEDs after a long seizure-free period may risk provoking seizures in patients over time. For instance, it is well known that long-term prophylaxis with phenytoin in patients after brain injury cannot prevent development of epilepsy, even though the drug is capable of inhibiting the occurrence of epileptic seizures (2) . Therefore, currently available AEDs should be classified as drugs against ictogenesis, which is different from the concept of epileptogenesis (3) .
Ictogenesis is a transient and direct event that induces seizures due to excessive discharges from groups of neurons. In short, such discharges are initiated by the sequential opening of the voltage-dependent Na + channels due to membrane depolarization resulting from K + and / or Ca 2+ channel-mediated events or via neurotransmitters and / or activation of ionic glutamate receptors. On the other hand, epileptogenesis involves long-lasting and prolonged histological / biochemical alterations of neuron networks and reorganization of neuronal matrixes, with the process ranging from months to years.
Therefore, ideal AEDs should first control epilepsy itself by preventing formation and development of epileptic foci and / or neutralizing previously established epileptogenesis. The seizure-free condition should then persist after discontinuation of such drug therapies for a certain -the longer the better -period. Second, ideal AEDs should be devoid of adverse effects on physical and mental functions such as cognition. This review focuses on currently available AEDs to prevent epileptogenesis and examines novel candidates of antiepileptogenetic drugs obtained from our recent studies using a genetically defined epilepsy model animal, the spontaneous epileptic rat (SER).
Antiepileptic drugs on epileptogenesis

Epileptogenesis
After an epileptic focus has been established, epileptogenesis is gradually and progressively formed. Formation of an epileptic focus requires a long period, which may vary from months to years, before occurrence of the first seizures after the initial injurious event (such as brain injury). After the first seizures, epileptogenesis progresses with more frequent and repeated seizures (Fig. 1) (4) . This process in complex partial seizures has been extensively studied (5) . The histological changes involved in epileptogenesis include neuronal loss/ death and neurogenesis, resulting in reorganization of cell membrane matrixes and formation of axonal / dendritic sprouting (plasiticity) as well as gliosis (5) . In the rat-kindling model, subthreshold stimulus repeatedly provokes secondarily generalized seizures, and neuronal loss of up to 20% -50% is observed with an increase in seizures (6) . Both necrotic and apoptotic processes contribute to the neuronal loss and damage in this model. However, neurogenesis in kindled animals has been reported to mostly compose of granule cells in the hippocampus (7) . In addition, recurrent seizures are known to induce sprouting of mossy fibers of granule cells and hippocampal CA3 region in kindled animals (8, 9) . Recurrent seizures in kindled animals also induce an increase in expression of glial-fibrillary acidic protein and glial cell hypertrophy / proliferation, resulting in gliosis (10, 11) . During these events, multivariate gene expression, including nerve growth factor (NGF) and brain-derived nerve factor (BDNF), has been reported to occur in gene-related cascades (12) . For example, an initial gene (such as c-fos) induced by the first injury (seizure) supposedly acts on promoter AP-1 to expedite transcription activities of NGF, thereby resulting in facilitation of synaptic transmissions (13) and probable neuronal proliferations. Therefore, down-regulation of inhibitory circuits (GABA neurons connecting to normal or hyperactive excitatory neurons) resulting from the process of neuronal loss and / or up-regulation of an excitatory circuit (such as NMDA neurons) by sprouting and so on may have induced formation of epitogenesis.
Actually, progressive cellular network alterations have been reported in human epileptic brains: these include neuronal loss, axonal sprouting, gliosis, and reorganization of neuronal circuits. Cell loss as well as an increase in Tunel labeling, BAX, and caspase 3 have been found in drug-refractory epileptic brains, suggesting the involvement of programmed cell death (14, 15) . In addition, serum-specific enolase (γ-enolase), a marker of neuronal damage, is also elevated in serum and cerebrospinal fluid after seizures in epileptic patients (16, 17) . Expression of the polysialylated form of neural-cell adhesion molecules (PSA-NCAM), a marker associated with axonal growth, suggests that axonal sprouting is increased in the dentate gyrus and hippocampal CA1 region in temporal epilepsy (18) . These findings in epileptic patients are in accordance with those obtained with experimental animals.
Antiepileptogenetic effects of AEDs
Antiepileptogenic effects of AEDs are examined in the rat-kindling model and post-status epilepsy model (19) . Kindling is a phenomenon where daily deliveries of brief subthreshold stimuli to distinct brain areas (such as amygdale or hippocampus) progressively produce convulsive seizures 8 -10 days after initiation of stimuli. The latter model shows spontaneous seizures after a certain silent period following status epileptics induced by kainic acid, pilocarpine, or sustained stimulation of certain brain regions. Concurrent administration of AED with the first stimulation was given to a rat in order to examine whether the drug could inhibit the development of kindling. Note that valproate prolonged the kindling development in a dose-dependent manner ( Fig. 2) (20) .
In the post-status epilepsy model, antiepileptogenic effects were examined by AED administration immediately after treatment with the status epileptics. Based on the antiepileptogenic effects of AEDs on these modes (Table 1) , valproate and topiramate are effective in preventing development of epileptogenesis in both kindling and post-status epilepsy models (21 -23) . However, in the post-status epilepsy model, valproate is effective in the kainic acid but not the pilocarpine model (24) , while topiramate is efficacious in the pilocarpine but not the sustained stimulation model (21) . The discrepancy between the valproate and topiramate effects in the kainic acid and pilocarpine and sustained stimulation models might be due to the difference in the mechanism(s) underlying the development of epileptogenesis (21) .
In contrast to the results in animal models, anti epileptogenic effects of AEDs have not been observed in clinical studies. According to meta-analyses of controlled trials performed by Temkin et al. (2) and Beghi (25) , neither valproate, phenobarbital, phenytoin, diazepam, nor carbamazepine has antiepileptogenic effects (Fig. 3) . The discrepancies between experimental and clinical studies on the antiepileptogenic effects are probably due to multifaceted factors; viz., administration methods / routes of AEDs, epilepsy conditions, and use of epilepsy model animals, and so forth. However, it seems most likely that such AEDs have no antiepileptogenic effects or the animal models used are not always appropriate.
Antiepileptogenic effects of levetiracetam (LEV)
Antiepileptic (anti-seizure) effects of LEV LEV is a novel AED available in Europe and USA. This drug has unique pharmacologic properties that differentiate it from currently available AEDs in terms of inhibitory effects that are not observed in maximal electrical stimulation and pentylentetrazole-induced convulsion, albeit effective on seizures in certain chronic animal models such as the kindled and genetic model animals (26 -32) . In addition, unlike the conventional AEDs, the mechanism underlying the antiepileptic action of LEV does not involve the Na + or Ca 2+ channels and/ or GABA or glutamate receptors (33 -38) . The antiepileptic effects include inhibition of the N-type (41), and allosteric modulation of GABA / glycine receptors (37) . Recently, SVA2 located on the synaptic vesicle has been found to bind with LEV specifically (42 -44) . Although the physiological role of SV2 is not fully understood, it supposedly plays an important role in the process of endocytosis, exocytosis, and recycling of neurotransmitters since SVA2 knockout mice show severe convulsions leading to death (45) . While it is now unknown whether LEV inhibits or facilitates SVA2 function, binding of LEV to SVA2 may be involved in the antiepileptic effects of LEV, since there is a relationship between binding affinity to human SVA2 and inhibitory effects of LEV on audiogenic seizure of the audiogenic mouse (43) . Interestingly, LEV inhibits not only the seizures in kindled animals but also suppresses development of seizure formation during the kindling process, suggesting that the drug elicits antiepileptogenic effects (46, 47) . However, as described above, antiepileptogenic effects of AEDs observed in certain animal models, such as kindling and post-status epileptic models with pilocarpine, kainic acid, or sustained stimulation, do not coincide well with clinical observations. This divergence in findings is probably due to a long-term latent (preseizure) period after the first kindling in human epilepsy. Therefore, genetically determined epilepsy animals are more suitable for evaluation of antiepileptogenic effects of AEDs.
Spontaneously epileptic rat (SER)
A double mutant, the spontaneously epileptic rat (SER: tm / tm, zi / zi), is obtained by mating the heterozygous tremor rat (tm / +) with homozygous zitter rat (zi / zi) (48, 49) . SER shows both absence-like seizure and tonic convulsions characterized by 5 -7 Hz spikewave-like complexes and fast activities in cortical and hippocampal electroencephalography (EEG) 8 weeks after birth (50) . A recent study has demonstrated that SERs lack the gene-encoding aspartoacylase (an enzyme that metabolizes N-acetyl-L-aspartate (NAA) into acetate and aspartate) (51) and attractin required for the formation of myelin in nerves (52) . The seizures in SERs include abnormal hyperactivities of the L type Ca 2+ channels and NAA accumulation attributed to deficiency of the aspartoacylase gene (53) . A longlasting depolarization shift accompanying repetitive firings due to Ca 2+ channel abnormality and NAA excitation of neurons (by acting on the metabotropic glutamate receptor) has been observed in the hippocampal CA2 neurons in intracellular recording and patch-clamp methods, respectively (54 -56) .
Antiepileptic effects of LEV in SERs
A single administration of LEV in SERs inhibits both absence-like seizures and tonic convulsions with an unusually long latency and prolonged effects (57) . In addition, when LRV is administered daily in SERs for 5 days, inhibitions of seizures are gradually increased with administration day. The inhibitory effects are unusually long-lasting; suppressive effects on convulsion are still apparent 3 days after the final drug injection, and those on absence-like seizures persist more than 6 days after termination of the administration (57) . However, such unusually long effects are not observed in SERs treated with phenytoin, valproate, carbamazepine, or phenobarbital when these AEDs are administered to SER in a manner similar to LEV (Fig. 6) (57) . When LEV is intraperitoneally (i.p.) injected in rats, Tmax is attained within 1 h, while plasma T1 / 2 registers within 3 h without any drug accumulation in the multiple-administration study (58) . Therefore, unusually long-lasting effects of LEV observed in SERs are probably not due to residual drug accumulation, rather induction of certain substances might have inhibited the seizure occurrence. It is therefore rational to assume that LEV suppresses epileptogenesis in SERs. Thus, follow-up experiments further determined whether or not LEV inhibits epileptogenesis in SERs.
Antiepileptogenic effects of LEV in SERs
Daily i.p. LEV administrations were given to SERs from 4 to 8 weeks of age (seizures usually occur after 8 weeks of age). The frequencies and durations of the convulsive seizures induced by air-puff on the face at 5-min intervals were counted for 30 min weekly from 5 to 13 weeks of age (i.e., 8 weeks after termination of LEV administration). Those of absence-like seizures were counted for 30 min at 12 and 13 weeks of ages by referring to cortical and hippocampal EEG traces using electrodes implanted at 11 and 12 weeks of age, respectively. The frequencies of convulsive seizures were significantly less in LEV-treated SERs than in physiological saline-treated controls from 9 to 13 weeks of age ( Fig. 7) (59) . Similarly, the total durations of convulsive seizures were significantly shorter in LEV-treated SERs than controls (59) . A significant inhibition of absence- like seizures was observed in LEV-treated SERs compared with controls (59) . Recently, similar longlasting antiepileptic effects by LEV have also been observed in genetically absence epilepsy rat from Strasburg (GAERS) (60) . Together with our findings, single and repeated administrations of LEV in adult SERs produce unusual long-lasting anti-seizure effects (>4 weeks), which are not considered to be merely due to LEV accumulation in the brain. Rather, the findings suggest that LEV can inhibit epileptogenesis, viz., inhibiting the formation of epileptic foci and / or suppressing the development of seizures by inducing certain inhibitory factors through promotion of gene expression. LEV has been reported to prevent changes in levels of BDNF neuropeptide Y mRNA (61) and selectively modify gene expression including neuropeptide Y, TRH, and glial fibrillary acidic protein in kindling rats (62) . It is highly possible that long-term treatments with LEV may normalize up-regulation of relevant gene expression induced during the kindling process.
Conclusions and issues relevant with inhibition of epileptogenesis
For development of novel antiepileptic drugs to suppress epileptogenesis and cure epilepsy itself, it is important to elucidate the mechanism(s) underlying the formation of epileptic foci and development / kindling to epileptic seizures. Conversely, methods using genetic epilepsy model animals such as SER, GAERS, and so on are potentially useful in the search for novel drugs for neutralizing seizure development since candidate drugs can be given to said animals during the pre-seizure period and thereafter over a long period. When a candidate is found to have long-acting anti-seizure effects, elucidation of the underling mechanism(s) may provide a clue to understanding epileptogenesis. 
